Previously, we showed that supplementation of diets with short-chain inulin (P95), long-chain inulin (HP), and a 50:50 mixture of both (Synergy 1) improved body iron status and altered expression of the genes involved in iron homeostasis and inflammation in young pigs. However, the effects of these 3 types of inulin on intestinal bacteria remain unknown.
Introduction
Prebiotics are carbohydrates that resist digestion in the small intestine. After escaping to the large intestine, prebiotics undergo fermentation by the resident microflora and promote a favorable enteric microbial balance. This is mediated through selective enhancements of beneficial Bifidobacterium spp. and Lactobacillus spp., with concomitant reductions in less desirable populations such as Clostridium spp. (1, 2) . Recently, prebiotics have also been shown to enhance mineral bioavailability (3) (4) (5) (6) (7) .
Inulin, a prebiotic commonly added to foods, encompasses all b (2/1) linear fructans of varying chain lengths (8, 9) . Earlier, our group observed an improved iron status in young pigs following supplementation with a 50:50 mixture of short-and long-chain inulin (Synergy 1, Orafti) into a corn-soybean meal basal diet (BD) 7 (3) . Analysis of digesta from various segments of the small and large intestines revealed measureable inulin in the jejunum and ileum, but not in the cecum and colon of pigs (10) . More recently, we have shown that supplementation with short-chain or long-chain inulin produced effects on dietary iron utilization similar to those of the 50:50 mixture of these 2 types of inulin (11) . Furthermore, all 3 types of inulin exerted similar effects on expression of the genes involved in iron storage and proinflammatory cytokines in the intestinal mucosa and/or liver. These effects were more pronounced in the lower than the upper gut. Inulin is not hydrolyzed by mammalian digestive enzymes, but significant degradation does occur in the ileum, presumably by the microflora resident in this part of the intestine. In fact, no inulin was recovered in segments distal to the ileum in pigs fed diets containing supplemental inulin (10, 11) . Although the prebiotic effect of inulin-type fructans in rats and humans is well documented (12) (13) (14) , past studies on the roles of inulin-type fructans in microbial populations have been limited to collections of feces, colonic luminal contents through colonoscopy and effluents of ileostomy patients, or samples taken from cannulated animals (15) (16) (17) . Only a few studies have documented positive effects of inulin-type fructans on the bacterial populations of the lumen and the mucosa (18) (19) (20) . Consequently, it remained largely unclear as to the specific effect of different types of inulin (short chain, long chain, or a mixture of the 2) on populations of enteric microbiota in the lumen or associated with the mucosa in various segments of the intestine. Therefore, we used terminal restriction fragment (TRF) length polymorphism (TRFLP) analysis to genotype the mucosal and luminal enteric bacteria from various segments of the intestines in pigs fed 3 types of inulin.
Materials and Methods
BD, inulin, and pigs. Details of diets, pigs, and experimental protocols are found elsewhere (11) . Briefly, the BD consisted of corn and soybean meal and contained adequate concentrations of all nutrients (21) except for iron (no supplemental inorganic iron). Inulin was supplemented into the designated diet (40 mg/kg) at the expense of corn starch, which was present at this level in the BD. The 3 inulin sources were as follows: Raftiline HP (long chain; degree of polymerization = 10-60, average of 25), Raftilose P95 (short chain; degree of polymerization = 2-7, average of 4), and Synergy 1 (50:50 mixture of HP and P95). Experiments were conducted at the Cornell University Swine Farm and the protocol was approved by the Cornell Institutional Animal Care and Use Committee. Experimental pigs (n = 32, 17 males and 15 females, 6 wk old, body weight = 9.2 6 0.4 kg) were individually penned and fed the BD or the BD plus 4% of Synergy 1, HP, or P95 for 5 wk (11).
Sample collection. At the end of the trial, pigs were killed by electrical stunning followed by exsanguination. The entire gastrointestinal tract was quickly removed from the body. Segments (5 cm each) of the jejunum, ileum, cecum, proximal colon, mid colon, and distal colon were harvested from 16 pigs [n = 4/treatment group based on body weight and blood hemoglobin concentration (11)] and were subjected to 2 washing procedures as previously described (22, 23) . The first wash with saline was to recover the microbial communities inhabiting the lumen and the second wash with Triton-X 100 was to isolate those populations adherent to the intestinal wall (either associated with the mucus lining or adherent to the epithelial cells).
Enteric microbial community analysis. The TRFLP analysis of luminal and adherent microbial populations from the jejunum, ileum, cecum, proximal colon, mid colon, and distal colon was carried out as previously described (22) . Putative identifications of TRF were obtained by ribosomal database mining (http://mica.ibest.uidaho.edu/) and by comparisons with pure bacterial controls. To determine the abundance of individual TRF within a microbial community profile from each intestinal segment, we first totaled the fluorescence emitted by the entire community and then calculated the relative percent contribution of individual peaks (or TRF) to the total. The abundance of peaks corresponding to Bifidobacterium spp. and Lactobacillus spp. was added to determine the overall abundance change of these 2 favorable intestinal populations.
Statistics. All data were analyzed by 1-way ANOVA and post hoc Bonferroni t tests (MINITAB release 14.20), with significance defined as P # 0.05. Values are expressed as means 6 SE.
Results
Growth, iron status, and inulin fate. Details of growth performance, body iron status, and site of disappearance of the 3 types of inulin in pigs were described in our previous publication (11) . Although the initial blood hemoglobin concentrations (at wk 0) were similar among the 4 groups of pigs, the final blood hemoglobin concentrations in pigs fed inulin, irrespective of the type, were 6-14% higher (P , 0.05) than those fed BD. Growth performance of the pigs did not differ among treatment groups. Segments distal to the ileum in pigs fed any type of inulin had no detectable inulin, but the small intestine showed variable degradations of the 3 types of inulin.
Changes in abundance of Bifidobacterium spp. and Lactobacillus spp. The total number of TRF detected in the intestinal segments of pigs fed the BD did not differ from those of pigs fed the different types of inulin (data not shown). Compared with those fed BD, pigs fed the 3 types of inulin tended to have a greater relative abundance of Bifidobacterium spp. and Lactobacillus spp. in the lumen digesta contents of all intestinal segments (P = 0.05-0.07) (Fig. 1) .
There was a strong effect (P , 0.05) of dietary inulin treatment on the relative abundance of Bifidobacterium spp. and Lactobacillus spp. in the microbial communities associated with intestinal mucus and adherent to the epithelia (Fig. 2) . Compared with that in pigs fed BD, the abundance of these bacteria was greater (P , 0.05) in all intestinal segments of pigs fed P95 and in all segments except the jejunum of pigs fed Synergy 1 or HP, respectively. The relative abundance of these 2 bacteria was also higher (P , 0.05) in the jejunum and ileum of pigs fed P95 and the ileum of pigs fed Synergy 1 than that of pigs fed HP, respectively. Detailed representative profiles of luminal and adherent microbial communities from all intestinal segments from each treatment group are presented in Supplemental Figures  1-12 .
Changes in the abundance of other bacterial populations. Putative identification of other TRF from the microbial community profiles showed marked decreases in less favorable populations in pigs fed the 3 types of inulin compared with those fed BD (Supplemental Figs. 1-12 ). These changes, seen in all intestinal segments, included reductions in Clostridium spp., Streptococcus spp./Prevotella spp. and Enterobacteriaceae/Pseudomonas spp./ Bacillus spp. In all these cases, the observed changes were not only specific to the communities inhabiting the intestinal mucus or adhering to the epithelia but also within luminal communities. Notably, several TRF detected from each segment could not be assigned an identification and might represent novel species that were modulated by inulin supplementation.
Discussion
Using TRFLP, we demonstrated that supplementation with 3 types of inulin promoted populations of beneficial Bifidobacterium spp. and Lactobacillus spp. and suppressed the less desirable bacteria, including Clostridium spp. and members of the Enterobacteriaceae, in various intestinal segments of pigs. Our finding is very relevant to human nutrition and health, because these bacteria are similarly found in the human gut (24, 25) . Overall, 3 important clues come from the present study in elucidating the physiological effects of inulin-type fructans. First, enhancements of the abundance of beneficial Bifidobacterium spp. and Lactobacillus spp. by dietary inulin seemed to be stronger and more consistent in the adherent bacteria than in the luminal populations. Such changes of the mucosa-associated bacterial populations and their intimate interactions with the intestinal lining may be a critical factor for the underlying mode of action of the inulin-type fructans. Presumably, adherent bacteria might influence functions of the epithelium and possibly other organs of the body. Second, significant increases in these bacterial populations appeared in segments as proximal as the small intestine (jejunum) in pigs fed the short-chain inulin but not until the cecum in pigs fed the long-chain inulin. It is likely that the short-chain inulin was degraded to a greater extent than the long-chain inulin in the small intestine. Third, unlike in the small intestine, the abundance of these bacterial populations throughout the mucosa of the large intestine were similarly enhanced by all 3 types of inulin. Thus, the impacts of inulin on the colonic bacterial populations, like those on body hemoglobin concentration and tissue gene expression (11), were little affected by their chain length.
The inulin-resultant specific promotion of the mucosaassociated Bifidobacterium spp. and Lactobacillus spp. is in agreement with several other reports (18) (19) (20) . Kleessen et al. (19) demonstrated an increase in mucosal Bifidobacterium spp. in rats harboring a human fecal flora, even though the stimulation was not significant in the intestinal lumen. Humans given 15 g/d Synergy 1 for 2 wk had increased Bifidobacterium spp. and Lactobacillus spp. in their mucosa (20) . In the present study, supplemental inulin modulated several populations in the porcine gastrointestinal tract that could not be identified using the available ribosomal databases. A similar scenario has also been observed from culture studies of human gastrointestinal tract samples (24) . Future identification and characterization of these potential novel populations will be needed to determine whether they play important roles in maintaining intestinal health and a beneficial microbial balance.
Our previous study showed a downregulation of inflammationrelated genes, including tumor necrosis factor, transferrin receptor, and NRAMP1 (SLC11A1), in the colonic mucosa of pigs fed the 3 types of inulin (11) . Tumor necrosis factor is a cytokine involved in systemic inflammation and is mainly produced by resident macrophages in response to lipopolysaccharides present in the outer membrane of Gram-negative bacteria (26, 27) . In the present study, feeding the 3 types of inulin enhanced the abundance of the Gram-positive Bifidobacterium spp. and Lactobacillus spp. Because cell walls of Gram-positive bacteria do not contain lipopolysaccharides, pigs fed inulin may have less exposure to these stimuli, resulting in the observed downregulation of inflammation-related genes.
The short-chain P95 seemed to be fermented to some extent in the jejunum and ileum by the resident microbiota that were composed of more aerotolerant species such as lactobacilli (11) . In contrast, HP did not appear to be degraded until reaching the distal ileum or the cecum where the bacterial population shifts to more anaerobic species such as bifidobacteria, Bacteroides, and clostridia that can contribute to the complete fermentation of the prebiotic in this region. Presumably, profiles or changes in the colonic microbiota reflect cross-feeding processes and transit of fermentation metabolites through the intestine. However, an examination of the inulin content in the digesta of these same pigs using HPLC revealed no inulin in the cecum or colon of any of the dietary groups despite varying degrees of degradation and changes in the concentrations of inulin byproducts and other sugars in the small intestine (11) . Although this result alone suggests that all 3 types of inulin were fermented to virtual completion during the transit from ileum to cecum, caution should still be taken in associating inulin fermentation with microbiota in different intestinal segments. This is because the HPLC measurement of digesta inulin contents may lack the sensitivity or specificity required to detect small concentrations of inulin. Likely, certain undetectable quantities of inulin might still be present in the cecum and perhaps the proximal colon of these animals. Resolving this uncertainty will require a more sensitive inulin assay than is currently available.
Pigs used in the present study were iron deficient at the beginning of the experiment and were fed diets that were relatively low in iron (no supplemental inorganic iron). Thus, the initial microflora of our iron-deficient pigs might be somewhat different from that found in iron-adequate pigs of the same age. Tompkins et al. (28) demonstrated an increase in anaerobes, microaerophiles, lactobacilli, and enterococci in the large intestines of iron-deprived mice compared with iron-replete controls. Moreover, the efficacy of prebiotics such as inulin may be affected by the initially existing microflora (29, 30) , i.e. prebiotics tend to be more efficacious when the initial counts of bifidobacteria and lactobacilli are quite low. If our iron-deficient pigs had increased counts of these bacteria compared with their iron-replete counterparts, as in the reported mouse case (28) , the efficacy of inulin might have been somewhat constrained in this study. If so, supplementation of iron-adequate pigs with inulin might produce greater enhancement of bifidobacteria and lactobacilli in the lumen and adherent microbiota, respectively.
In conclusion, all 3 types of inulin promoted a favorable intestinal microbial balance with increases in beneficial Bifidobacterium spp. and Lactobacillus spp. and concomitant decreases in less desirable populations such as clostridia and members of the Enterobacteriaceae. This effect was stronger in the microbiota adhering to the mucosa, with modest changes observed in the lumen. Modulation of the adherent microbial populations of the small intestine of pigs fed P95 suggests that short-chain inulin was fermented to a meaningful extent in these regions. Because there is tremendous heterogeneity in the environmental conditions among various segments of the gastrointestinal tract, further studies will be needed to characterize bacterial populations at the species level and their impact on intestinal epithelial cell physiology. Results from those studies will help us in understanding the mode of microbiota action of inulin for its positive effect on body iron status and gut health. 
